INTRODUCTION {#SEC1}
============

Plasmids play a crucial role in prokaryotic evolution by transferring DNA between bacterial species. Although plasmids replicate autonomously, they coexist stably within the host and maintain their copy number by duplicating the DNA before every cell division. There are three main replication mechanisms for circular plasmids: theta-type, strand displacement and rolling-circle ([@B1]). Rolling-Circle Replication (RCR) is the most common mode of replication for small (\<10 kbp), promiscuous, multi-copy plasmids in Gram-positive bacteria that often carry antibiotic resistance genes ([@B2],[@B3]). RCR plasmids of Gram-positive bacteria have been minimally subdivided into four families, pT181, pE194, pSN2 and pC194/pUB110, on the basis of primary sequence homology between initiator proteins and leading-strand origins ([@B4]). RCR is initiated by replication initiator proteins (Rep proteins) encoded by the plasmid. The origins of replication of the plasmid contain the binding sites of the Rep proteins as well as their nicking sites ([@B5]). Rep proteins are able to nick and ligate DNA through a type I topoisomerase mechanism ([@B3],[@B6]).

RepC is a 38-kDa homodimeric protein encoded by the pT181 plasmid of *Staphylococcus aureus*. It binds to a specific DNA sequence contained within the double-stranded origin of replication (*dso*) of the plasmid and creates a nick (Figure [1](#F1){ref-type="fig"}, step I) ([@B7],[@B8]). The nicking site is contained within an inverted repeat that is likely to form a cruciform structure ([@B9]). RepC nicks the leading strand and becomes covalently bound to its 5′-end via a phosphotyrosine linkage. Then, PcrA helicase loads onto the short length of accessible single-stranded DNA (ssDNA) ([@B9],[@B10]) (Figure [1](#F1){ref-type="fig"}, step II). The free 3′-end at the nick is used for extension synthesis where PcrA, DNA polymerase III and single-strand DNA binding protein (SSB) coordinate their activities at the origin to replicate the entire plasmid (Figure [1](#F1){ref-type="fig"}, step III) ([@B11]). Replication of DNA by DNA polymerase III proceeds until the plasmid is fully unwound and a new leading strand has been fully synthesized. During elongation, the displaced leading strand forms a single-stranded loop that is protected by SSB proteins from nuclease degradation ([@B12]). SSB protein also greatly stimulates the incorporation of nucleotides *in vitro* by blocking non-productive binding of the DNA polymerase to ssDNA ([@B13]). At the termination step, the other monomer of RepC protein cleaves the displaced ssDNA at the regenerated nick site at the junction of the old and newly synthesized leading strands ([@B14]). Next, in a process that is not fully understood, the nick is sealed by RepC leaving a relaxed, closed circular double-stranded DNA (dsDNA) containing the newly synthesized leading strand (Figure [1](#F1){ref-type="fig"}, step IV). The relaxed DNA is supercoiled (SC) by DNA gyrase while the RepC protein is released from the DNA in an inactive form, covalently bound to a short DNA fragment ([@B15]). The displaced single leading strand is then converted to the double-stranded form by using the single strand origin (*sso*) of replication, and requires RNA polymerase for primer synthesis and DNA polymerases I and III for replication ([@B2],[@B16],[@B17]).

![General mechanism of plasmid rolling-circle replication (RCR). (**Step I**) A supercoiled plasmid containing the double-strand origin (*dso*) and single-strand origin (*sso*) is the substrate for DNA replication and is first nicked by a RepC dimer. A secondary structure at the *dso* facilitates binding and/or nicking of the DNA by RepC which becomes covalently attached to the 5′-P end of the DNA after nicking. (**Step II**) PcrA helicase interacts with RepC and unwinds the duplex DNA displacing the leading strand of the plasmid and leaving a free 3′-OH end at the *dso*. (**Step III**) DNA polymerase III loads at the free 3′end and synthesize a new leading strand. The displaced leading strand is protected by SSB proteins. (**Step IV**) A covalently closed single-stranded DNA is produced that can be subsequently converted to dsDNA which involves the synthesis of an RNA primer at the *sso* by the RNA polymerase followed by DNA synthesis by DNA polymerases I and III.](gkw689fig1){#F1}

Formation of a cruciform structure at the *dso* has long been proposed, as it contains multiple inverted repeats at this region (Supplementary Figure S1) ([@B9],[@B18]). However, the role of this potential secondary structure of DNA for RepC binding and/or activity is still unclear. Rep proteins have been proposed to induce the formation of a cruciform structure at the *dso* binding site ([@B8],[@B9],[@B19]). This model of cruciform formation could be considered as active in that the binding of the protein melts the DNA and actively extrudes the cruciform structure. We instead propose here that RepC plays a passive role in this process and that cleavage only occurs when particular conditions of force and twist on the DNA are fulfilled.

To quantitatively investigate the roles of DNA force and twist in RCR, we have used Magnetic Tweezers (MT) to directly measure the nicking activity of RepC in several kilo basepair long DNA molecules with different degrees of supercoiling and at different applied forces. RepC exclusively nicked negatively supercoiled DNAs and this activity was force-dependent. We have also used MT to measure the relaxation velocity of supercoiled DNA upon nicking and compared RepC data with that obtained for the human TopIB (hTopIB) and the nicking enzyme Nb.BbvCI. hTopIB and Nb.BbvCI represent two extreme cases of strong and mild interaction with DNA during plectoneme release as the former fully encircles the DNA duplex ([@B20]) and the latter is expected to release from its substrate after nicking. Plectonemes were released by RepC at a velocity intermediate of that produced by hTopIB and Nb.BbvCI, suggesting a different mode on interaction compared to the other two enzymes. The frequency of religation was also compared between hTopIB and RepC. RepC behaved as an inefficient religating enzyme highlighting its role as a replication initiator instead of as a topoisomerase.

Based on the work described here and structural predictions, we propose a model where RepC nicking activity is force- and twist-dependent. Nicking of DNA at the *dso* by RepC is passive and a consequence of binding to a substrate with the appropriate degree of supercoiling, in which the cruciform structure required for nicking is already present, rather than promoted as a result of RepC binding.

MATERIALS AND METHODS {#SEC2}
=====================

Proteins {#SEC2-1}
--------

The MBP-RepC fusion protein, in which the maltose binding protein (MBP) is fused to the N- terminal end of RepC, was purified as described earlier ([@B14]).

DNA substrates {#SEC2-2}
--------------

The pBlueScriptIISK:pT181*cop608* (7217 bp) plasmid was generated by ligating the pBlueScriptIISK+ plasmid (Stratagene) and the pT181*cop608* plasmid (4257 bp) at their KpnI sites ([@B21]). The recombinant plasmid was confirmed to be relaxed by RepC by agarose gel analysis (Supplementary Figure S2A). DNA constructs for magnetic tweezers experiments consisted of a central fragment from the plasmid pBlueScriptIISK:pT181*cop608* flanked with digoxigenin or biotin-labeled DNA handles at its ends (Figure [2A](#F2){ref-type="fig"}). The central part was constructed from restriction of the plasmid pBlueScriptIISK:pT181*cop608* with *Bam*HI and *Not*I (both from NEB), resulting in a final product of 7194 bp. The handles were PCR-generated from the plasmid pBlueScriptSK+ with appropriate oligos (Supplementary Table S1) adding Dig-dUTP or Bio-dUTP (Roche) in the reaction and followed by restriction with NotI and BamHI, respectively. Subsequent ligation (T4 DNA ligase, NEB) with the central fragment resulted in an 8450 bp product, containing the RepC nicking site at 1480 bp from the biotinylated handle. The ligated product was then used in MT experiments. During the generation of the DNA substrates, we avoided the exposure of the substrates to intercalating agents as well as exposure to UV light. This procedure allowed the isolation of high levels of torsionally-constrained DNA molecules.

![Nicking and religation activities of RepC probed by Magnetic Tweezers (MT). (**A**) DNA substrate employed in MT assays. The substrate contains two handles labeled with biotins and digoxigenins that bind to the magnetic bead and glass surface, respectively. The central part contains the nicking site at 1480 bps from the biotinylated DNA end. (**B**) MT assay. Torsionally-constrained DNA molecules are first negatively supercoiled by applying 30 negative (counter clockwise) rotations (step 1). RepC nicks the DNA and a full recovery of the original height is observed (step 2). To check if DNA molecules can be further coiled, i.e. they have been religated, positive rotations at low force are applied (step 3). (**C**) Extension, Turns and Force time courses that correspond to the supercoiling of torsionally-constrained DNA molecules. (**D**) Nicking activity of RepC. (**E**) RepC religated a fraction of the nicked molecules as they could be further supercoiled by application of positive rotations. Data were acquired at 60 Hz and filtered down to 3 Hz (displayed).](gkw689fig2){#F2}

The nicking and religation assay of the TopIB enzyme was performed with the same substrate employed in RepC experiments. The nicking assay of nb.BbvCI was performed with a substrate based on the plasmid pSP73-JY0-BbvCI employed in ([@B22]) of total length 5358 bp and with a single nicking site at 3106 bp from one end (see Supplementary Methods for more details).

Magnetic-tweezers assays {#SEC2-3}
------------------------

We employed a custom-built MT setup similar to the system described previously ([@B23],[@B24]) with a fast-acquisition camera of maximum frame rate of 500 Hz (Mikrotron MC1362). In our assays, a DNA construct (see above) is tethered between a glass surface covered with anti-digoxigenin and 1-μm streptavidin-coated superparamagnetic beads. A couple of permanent magnets that can be translated along the optical axis of the microscope or rotated are used to twist and stretch the DNA. The bottom surface of the flow cell is considered as zero-height by using reference beads (Ref. Bead) that are attached to the surface and that are not affected by the magnetic field. The magnetic beads are visualized using an inverted optical microscope while the bead position (DNA extension) is measured in real-time by video-microscopy, allowing us to monitor the dynamics of DNA-modifying enzymes at the single-molecule level ([@B22],[@B25]). The full system is controlled by an *in-house* LabVIEW software allowing real-time measurements of tens of beads at 60 Hz. More than 1000 DNA molecules were analyzed in this work. The force is calculated from the Brownian excursions of the bead in Fourier space and corrected for low-pass filtering and aliasing ([@B26],[@B27]). To determine the spatial resolution of our setup, we followed beads fixed to a glass slide and computed their *xyz* coordinates at 120 Hz. The standard deviations of these histograms for a 20 s window gave values of 2--3 nm for *x* and *y* and 5 nm for the *z* axis.

The integrity of the DNA molecules employed in this study was checked by performing extension versus magnet turns curves at high and low forces. Single torsionally constrained DNA molecules display an asymmetrical response to magnet turns at high force with plectonemes formation only at positive turns, and a symmetrical curve at low forces where plectonemes are formed at both positive and negative turns (Supplementary Figure S2B). From the linear parts of the graph, a change in extension as a function of magnet turns or linking number (*ΔLk*) could be calculated for a given force. For instance, at 0.34 pN, we obtained a value of 58 nm/turn. These constants allowed us to calculate the rate of supercoil removal, where appropriate.

DNA relaxation measurements were done at the maximum data acquisition velocity of 500 Hz. The rest of experiments were performed at 60 Hz. All the experiments were done at room temperature in a buffer containing 100 mM KCl, 10 mM Tris-HCl, pH 8.0, 10 mM Mg(CH~3~COO)~2~, 10% ethylene glycol, 0.1% Tween-20 and 100 μg/ml BSA. Enzymes were injected into the fluid cell at 18 μl s^−1^. Typical incubation times were of 2--5 min.

Prediction of the atomic structure of RepC dimer {#SEC2-4}
------------------------------------------------

We have used Phyre2 software to obtain a prediction of the atomic structure for RepC ([@B28]). Phyre2 is an online tool that employs an algorithm based on Hidden Markov Models to generate a 3D structure of an input amino acid sequence using as template deposited structures on the PDB. The software returned a structure for the RepC monomer based on RepD (PDB entry 4CWC) having 81% of sequence identity corresponding to the central part of the protein ([@B29]). The prediction was obtained with a 100% confidence match. The deposited RepD structure in the PDB is a dimer. In order to obtain a prediction of the dimeric structure for RepC, we aligned two RepC predicted monomers with the respective RepD monomers using PyMOL. Further analysis of the structures and the generation of the figures were carried out with PyMOL Molecular Graphics System (Version 1.8, Schrödinger, LLC).

RESULTS {#SEC3}
=======

Nicking and religating activities of RepC protein {#SEC3-1}
-------------------------------------------------

The *dso* of the pT181 plasmid consists of 68 bps and includes both a specific RepC-binding sequence and its nicking site (Supplementary Figure S1). The nicking site is within the gap sequence of the inverted repeat element II (IR-II), which is believed to fold to form a cruciform structure. The cruciform structure is not expected to spontaneously form because the IR-II region is GC-rich. However, this energy penalty to form the cruciform could be reduced upon RepC binding ([@B8]) or by untwisting the DNA. The nicking and religation reaction of pT181 plasmid with different concentrations of RepC protein in a Mg^2+^-containing buffer was first analyzed by agarose gel electrophoresis (Supplementary Figure S2A). RepC nicked the supercoiled (SC) plasmid producing relaxed open circular (OC) DNA. RepC also religated the nick as demonstrated by a population of covalently-closed DNA topoisomers distributed around Δ*Lk* = 0 (TP). This assay confirmed the functional topoisomerase-like activity of RepC as the plasmid was relaxed and religated by the protein.

We developed a MT assay to study the dynamics of RepC nicking and religation activities on individual supercoiled DNA (Figure [2](#F2){ref-type="fig"}) ([@B30],[@B31]). In our assay, a single DNA molecule containing the *dso* that includes both RepC binding and nicking sites is tethered between a streptavidin coated magnetic bead (SA-bead) and the bottom glass surface of a flow cell (Figure [2A](#F2){ref-type="fig"}). Magnetic beads are manipulated by an external magnetic force produced by a couple of magnets placed above the flow cell. Vertical translation and rotation of the magnets about their axis induces stretching and torsion forces on the DNA molecule, respectively. Our MT assay allows us to supercoil a single torsionally-constrained DNA molecule by rotating the magnets along the optical axis. At low forces, positive or negative supercoils can be produced resulting in a reduction of DNA extension (Supplementary Figure S2B). At high forces, rotation of the magnets in the negative direction induces melting or denaturation of the DNA, while it is still possible to positively supercoil the DNA but with a higher number of magnet rotations (Supplementary Figure S2B). In a typical measurement of RepC activity, a DNA molecule was negatively supercoiled by applying −30 turns (DNA untwisting) at a low force (0.34 pN) causing a decrease of 80% of the original extension (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). We did not apply a larger number of turns to prevent unspecific binding of the bead to the glass surface. RepC protein was injected into the flow cell with a Mg^2+^-free buffer. After a few minutes incubation, the volume of the flow cell was exchanged with a Mg^2+^-containing buffer but without protein. In most cases, we observed a sudden recovery of the initial height of the tethered DNA. This could be interpreted as the result of nicking activity by RepC at the *dso* and the subsequent release of supercoils (Figure [2B](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}) and suggests that the protein remained stably bound to the DNA during the buffer exchange process. The relaxation of supercoiled DNA always occurred in a single step. Control experiments performed with RepC in the absence of Mg^2+^ (data not shown) or with molecules lacking the *dso* sequence (Supplementary Figure S3A) did not result in relaxed DNA molecules, thus confirming that the nicking activity observed was indeed produced by RepC. Our setup is able to track several single-molecule events simultaneously. For instance, a set of four simultaneously-measured traces are plotted in Figure [2C](#F2){ref-type="fig"}--[E](#F2){ref-type="fig"}. Interestingly, nicking was not concurrent for all molecules but occurred within the range of a few seconds and this could due to the non-homogeneous arrival of Mg^2+^. Finally, some DNA molecules could be further supercoiled demonstrating religation activity of RepC in the absence of twist and at an applied force of 0.34 pN (Figure [2E](#F2){ref-type="fig"}). However, the process of religation was inefficient as most of the DNA molecules remained nicked after several minutes of reaction. This could be due to a potential adverse effect of the rotation of the magnets with the ligation activity or simply to an inherent native low ligation efficiency of RepC.

RepC nicking activity is twist-dependent {#SEC3-2}
----------------------------------------

The MT experiment described in Figure [2](#F2){ref-type="fig"} was repeated with DNA containing positive supercoils. In this case, we did not observe any nicking event as DNA molecules remained supercoiled for several minutes (Supplementary Figure S3B). The inability of RepC to nick positively-supercoiled DNA allowed us to design experiments to probe the mechanistic detail of RepC nicking-religation activities. First, DNA molecules were positively supercoiled by applying +30 turns (anti-clockwise) and then RepC protein was injected into the fluid cell in a Mg^2+^-containing buffer. Turning the magnets from positive to negative rotations triggered the formation of negative supercoils and nicking by RepC. This is consistent with the protein remaining bound to the DNA during rotation of the magnet, as it was previously suggested in the buffer-exchange experiment (Figure [2](#F2){ref-type="fig"}). The nicking event can be detected as a sudden change of DNA extension up to its maximum that remains unaltered regardless of the rotation of the magnet (Figure [3A](#F3){ref-type="fig"}). The rotation of the magnets is coupled to a change in the linking number of the DNA (*ΔLk*). However, note that because of the presence of magnesium ions in the buffer with RepC, there is an offset of a few positive turns between *ΔLk* and magnet turns due to the change of supercoiling density of DNA caused by magnesium ions (Figure [3B](#F3){ref-type="fig"}). The effects on the topology of DNA due to divalent ions are well-characterized ([@B32],[@B33]). We therefore took into account these offsets for all the DNA molecules analyzed in this study. Both magnet turns and *ΔLk* vary equally irrespective of the initial offset produced by the presence of divalent ions, until the moment RepC nicks the DNA and the molecule is relaxed setting *ΔLk* to zero (Figure [3B](#F3){ref-type="fig"}). Beyond this point, turning of the magnets had no effect on *ΔLk*, which remains at zero. These data produced a distribution of *ΔLk* at the point where RepC nicks the DNA (Figure [3C](#F3){ref-type="fig"}). The distribution was fitted with a Gaussian function providing a mean value of *ΔLk* = −9.2 ± 0.3 (mean ± s.e.m) and a degree of supercoiling σ = −0.013 ± 0.004, calculated as *ΔLk* / *Lk~0~* where *Lk~0~* = n/p, n is the length of the DNA in nucleotides, and p is the number of base pairs per helical turn (10.5 bp·turn^−1^). Note that because our experimental procedure consists of progressively applying negative turns, the DNA is more likely to be nicked by RepC before reaching a large negative supercoiling value. The probability of nicking (P) is given by the normalized cumulative integral of the histogram (Figure [3D](#F3){ref-type="fig"}). This provided a *ΔLk*~,\ p:0.5~ = −9.5 ± 0.2 for a P of 0.5. Since protein activity requires twisting of the DNA, our experiment suggests that RepC nicking is dependent on the formation of a particular structure in the DNA. Moreover, the fact that we only observed protein activity at negative turns, which will favor melting and formation of secondary structures in the DNA, strengthen the idea that a cruciform may be formed.

![RepC nicking activity occurs only at negative rotations. (**A**) DNA was nicked only at negative turns of the magnet. First, the DNA molecule was positively supercoiled (+30 rotations) and the protein injected in the cell. Then, the molecule was untwisted and negatively supercoiled by applying from +30 to −30 turns. A nick event was detected (see arrow) at −7 turns. (**B**) An offset between magnet turns and linking number was taken into account to determine the *ΔLk* at which RepC nicked the DNA. Data were acquired at 60 Hz and filtered down to 3 Hz (both displayed). Magnets were rotated at 1 Hz. Force was 0.34 pN, constant in the experiment. (**C**) Histogram of *ΔLk* (N = 83). The Gaussian fit provides a mean value of Δ*Lk* and supercoiling degree σ (quoted in the figure). (**D**) Normalized cumulative integral of the histogram representing the probability of nicking. Values of *ΔLk* and σ, quoted in the figure, relate to the characteristic 0.5 probability.](gkw689fig3){#F3}

In order to exclude any effect of concentration in the reported critical linking number required for nicking we repeated the experiment described above for two additional concentrations. Average values of *ΔLk* were very similar and around −10 (Supplementary Figure S4A and S4B) showing no concentration dependence of RepC nicking activity. We noticed, however, a slightly larger nicking occurrence at larger number of turns for the lower concentration used. We believe this is because of the limited availability of free protein in solution that allowed us to further twist the DNA without observing nicking until a protein binds and nicks the DNA. We also explored if the frequency of twisting of the DNA may influence the probability of nicking occurring at a given force (Supplementary Figure S4C and S4D). Turning the magnets at a lower (0.5 Hz) or higher (1.5 Hz) frequency had a small influence in *ΔLk* for *P* = 0.5. Efficient nicking occurred always at a value of *ΔLk* ∼−10 at the time scale of our experiments (see Supplementary Table S2 for all data statistics).

The dynamic assay reported in Figure [3](#F3){ref-type="fig"} has the technical limitation that a minimum number of turns are required to detect a nicking event. The number of turns is coupled to a reduction in extension due to the formation of supercoils (Supplementary Figure S2B). Based on our noise level, sampling rate and measuring force (0.34 pN), we estimate that we minimally need to reduce the extension of the DNA by ∼85 nm prior observing a nicking event, and this is on average four turns (Figure [3A](#F3){ref-type="fig"}). Below this number of turns it is not possible to distinguish if the molecule has been nicked or not. We therefore performed complementary static experiments where multiple torsionally-constrained DNA molecules were set to a particular degree of twist and exposed to RepC for 1 min. Molecules that were nicked recovered the original extension (Supplementary Figure S5A), in contrast to molecules that remained supercoiled, i.e. not nicked (Supplementary Figure S5B). We also repeated these experiments at zero or near-zero turns. In these cases, we did not observe any reduction of extension, but we could determine if the molecule was nicked after 1 min by simply turning the magnets again. We quantified the fraction of molecules that were nicked after 1 min for different degrees of supercoiling (Supplementary Figure S5C). As expected, none of the molecules were nicked if positively supercoiled, and almost none (2 events out of 40) were nicked at *ΔLk* = 0 (torsionally-constrained and relaxed). This measurement contrasts with the nicking rates reported in bulk using quenched-flow experiments and short relaxed linear dsDNA molecules (∼1.5 s^−1^) ([@B10]). Nevertheless, we should also bear in mind that in the previous work the experiments were performed with RepD, a sequence-similar protein and low cross-reactivity has been reported between Rep proteins and the *dso* of different plasmids ([@B11],[@B34]). The fraction of nicked molecules increased as more negative turns were applied following a very similar trend as reported in the continuous rotation experiment (Figure [3](#F3){ref-type="fig"}).

RepC nicking activity is force-dependent {#SEC3-3}
----------------------------------------

Our data support the view that a particular topological DNA structure is required for RepC nicking. This nicking was clearly sensitive to twist but it would also be expected to be sensitive to force because the extension-twist behavior of dsDNA is force-dependent (Supplementary Figure S2B). We thus studied the nicking activity of RepC as a function of applied force following the dynamic assay of Figure [3](#F3){ref-type="fig"}. Because RepC only nicks under a negative turns regime, these experiments were restricted to a range of forces that allowed accumulation of writhe in the DNA (below 1 pN). We did experiments at forces between 0.05 and 1 pN and calculated the probability of nicking as a function of change in linking number. We observed a clear trend where more negative turns must be applied to maintain the probability of nicking, as applied force is reduced (Figure [4A](#F4){ref-type="fig"}). A linear fit of the data relative to the change in linking number for the characteristic *P* = 0.5 and up to 0.34 pN (Figure [4B](#F4){ref-type="fig"}, red line) gave a value of about σ = −0.033 for a negatively-supercoiled plasmid at zero force. An increase of the force up to 0.34 pN implied a 2-fold reduction in supercoiling degree. Beyond this force, we observed leveling of σ values due to the effects arising from melting in the DNA at negative turns at such forces. Melting of the DNA is a pre-requisite to form the cruciform, but if the force is large enough, it will prevent the necessary intrastrand pairing to extrude the cruciform. Indeed, the presence of stable regions of melted DNA has been reported for forces above ∼0.5 pN ([@B23]). We also observed that RepC cleavage occurred within a range of turns that became narrower with increasing forces. RepC nicking at forces beyond 1 pN were still possible because we observed that the DNA could not be supercoiled again. However, these nicking events occurred before any reduction in extension, and thus it was not possible to determine the linking number at which RepC nicked the DNA. We expect a progressive reduction of the stability of the cruciform structure for forces above 1 pN until it is definitively inhibited. Opening of hairpins has been reported at forces between 10--14 pN, setting a limit for the formation of secondary structures ([@B35]).

![RepC nicking activity is force- and twist-dependent (**A**) Nicking probability as a function of linking number for a range of forces of 0.05--1.0 pN. Probabilities were determined as described in Figure [3](#F3){ref-type="fig"}. The nicking probability depends on the force applied to the DNA substrate, requiring a larger number of turns at low forces to observe RepC nicking. Also the distributions got sharper at higher forces. (**B**) Characteristic *ΔLk* (*P* = 0.5) for different forces. The line is a linear fit between 0.05 and 0.34 pN that provides a σ = −0.032 at zero force.](gkw689fig4){#F4}

We next calculated the free energy of supercoiling using the expression ΔE = 10·N·k~B~·T·σ^2^ ([@B36],[@B37]), where N is the number of base pairs, *k*~B~ is the Boltzmann constant, and T is the temperature. For σ = −0.033, we obtained a value of ∼46 kcal/mol. This value is in reasonable agreement with that reported for the formation of cruciform structures involving a small bubble intermediate, namely S-type cruciform structures, which is 40 kcal/mol ([@B38]). We also used the model by Marko ([@B39],[@B40]--[@B42]) to calculate the change of free energy associated to DNA molecules at the supercoiling degree at which we observe nicking, *σ*~nick~, for intermediate forces 0.19, 0.26 and 0.34 pN (see Supplementary Material). The results of this analysis were in reasonable agreement with that reported from the extrapolation at zero force and similar to the mentioned energy barrier proposed for a S-type cruciforms.

Our experiments revealed that RepC nicking activity is twist- and force-dependent. The probability of getting a RepC-mediated DNA nicking event increases with applied force for a given number of turns. For instance, a probability of nicking of 0.5 requires −10 turns at 0.35 pN and −20 turns at 0.05 pN. This force dependence on the probability of nicking is consistent with a model where the protein does not apply force on the DNA to form the required DNA structure for nicking. Otherwise, we would have observed a very limited effect of the force on the probability of nicking. Note that even at the very low force of 0.05 pN, the protein could not cleave the DNA unless a considerable number of negative turns were present. This idea contrasts with previously published work that proposed an active role of the protein in extruding the cruciform structure suitable for cleavage ([@B8],[@B9]).

RepC--DNA interactions during nicking and religation activities {#SEC3-4}
---------------------------------------------------------------

The accepted mechanism of nicking-closing activity of RepC is that after the introduction of the nick, RepC remains covalently attached to the 5′-end of the nick via a phosphotyrosine bond ([@B11]). Measuring the velocity of DNA extension during supercoil release produced by RepC can provide insights into the nature of protein--DNA interactions that take place during nicking events ([@B30]). Using a video camera capable of measuring at 500 fps, we were able to resolve in real-time the DNA relaxation curve during supercoil removal by RepC at 0.34 pN, which was characterized by a monotonic increase of DNA extension (Figure [5A](#F5){ref-type="fig"}). Data were fitted to a linear function to obtain the velocity of plectoneme release in *ΔLk* per second. The distribution of velocities was fitted to a Gaussian function (Figure [5B](#F5){ref-type="fig"}) showing a mean value for RepC of around 123 ± 3 *ΔLk* s^−1^ (mean ± s.e.m.). We performed similar experiments with the human type-IB (hTopIB) topoisomerase (TopoGEN) that nicks the DNA following an identical chemical reaction than RepC, and with the nicking enzyme Nb.BbvCI (New England Biolabs). Experiments with the hTopIB gave a value of 110 ± 2 *ΔLk* s^−1^ and the nicking enzyme a velocity of 136 ± 5 *ΔLk* s^−1^, faster than both RepC and hTopIB.

![RepC--DNA interaction during nicking and religation activities. (**A**) Characteristic supercoils removal time course taken at 0.34 pN. Approximately 30 turns were released in 0.3 s. Data were acquired at 500 Hz. (**B**) Histogram of velocities of plectoneme release for RepC, hTopIB and Nb.BbvCI. Frequencies are fitted to a Gaussian function and the mean and s.e.m values are quoted in the figure. RepC showed an intermediate velocity between the topoisomerase and the nicking enzyme. (**C**) Nicking and religation experiment with RepC. RepC occasionally religated the nicked DNA. This is shown as a dip in the extension while the magnets continuously rotate in a negative direction. (**D**) RepC cannot nick positively supercoiled DNA. (**E** and **F**) Nicking and religation experiment with hTopIB. hTopIB nicks and religates efficiently while the magnets continuously rotate in either negative or positive direction.](gkw689fig5){#F5}

Our experiments did not reveal large differences in plectoneme release velocities compared to those reported in ([@B30]). We explain this discrepancy by the larger force employed in our case that increases the velocity of plectoneme release and may affect the interaction of the DNA with the protein. Still, our data consistently indicated an intermediate behavior of RepC between the fastest response produced by the nicking enzyme and the slowest behavior shown by the topoisomerase. We believe these differences in plectoneme release velocities reflect different types of protein--DNA interactions.

These differences between hTopIB and RepC became more evident in subsequent nicking-religation experiments (Figure [5C](#F5){ref-type="fig"}--[F](#F5){ref-type="fig"}). As mentioned above, RepC could only nick negatively supercoiled DNA containing the *dso* sequence (Figure [5C](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}). Once nicked, we continuously rotated the magnet in the negative direction with the aim of negatively supercoiling the DNA again. If the protein seals the nick, we should expect to see a decrease in extension at the force employed in the assay (0.34 pN). RepC behaved as a very inefficient religating enzyme. Cycles of nicking and religation over the same molecule were rarely observed and very often the molecule was never religated back or required a long time for religation. In the example shown in Figure [5C](#F5){ref-type="fig"}, RepC religated the DNA just once in about 6 min while it remained covalently linked to the DNA. However, other experiments did not show religation activity of RepC for tens of minutes. Long religation times for RepC has been described before in bulk biochemical assays ([@B10]). DNA supercoils were released by RepC protein always in a single step and this is consistent with the very low religating rate of the enzyme. In contrast, hTopIB could nick both positively and negatively supercoiled DNA and religate nicks very efficiently (2.5 s^−1^) for multiple cycles during the course of the experiment (Figure [5E](#F5){ref-type="fig"} and [F](#F5){ref-type="fig"}). Occasionally, we observed a multistep relaxation curve as it has been previously reported (see arrow in Figure [5E](#F5){ref-type="fig"}) ([@B30]). Differences in religation activities of hTopIB and RepC reveal a very different interaction with the DNA, and it likely reflects their different specialized functions in the cell.

The poor religating activity of RepC was further confirmed in the assay performed in the absence of continuous magnet rotations (Supplementary Figure S5C). The example shown in Supplementary Figure S5D is a positive religation case, but this was uncommon as only about 11% of the molecules were religated after 1 min incubation at *ΔLk* = −8 turns and −4 turns. The weak religation activity of RepC is consistent with its role in pT181 replication since after nicking it is not expected to religate the DNA immediately. Instead, after RepC-mediated nicking, plasmid replication is initiated, and only after the leading strand has been synthesized, RepC is expected to religate the DNA after cleaving the DNA at the regenerated nick site (see Figure [1](#F1){ref-type="fig"}). Since there is no DNA replication in our experiments, it makes sense that RepC is able to religate the nicked DNA substrates at a very low efficiency.

DISCUSSION {#SEC4}
==========

This work reports the first use of MT to directly measure RepC nicking at the single-molecule level. The advantage of MT over other single-molecule approaches is that a controlled force and/or twist can be applied to a single DNA molecule. Thus, information related to the degree of DNA supercoiling required for a specific enzymatic reaction can be obtained. In our assays, the extension of a dsDNA molecule is followed in real-time and changes arising from the nicking of a supercoiled substrate can be detected with millisecond and nanometer resolution. Here, we show that the nicking activity of RepC is force- and twist-dependent suggesting that it requires particular torsional conditions for its specific activity. We argue below that it is not the torque the critical parameter for RepC nicking, but a certain supercoiling energy, which grows linearly with the number of turns. We also highlight a particular mode of interaction of RepC with the DNA which is different from that of the topoisomerase hTopIB that cleaves DNA using the same chemical mechanism.

Rep proteins were observed to nick and religate negatively supercoiled plasmid DNA containing the *dso in vitro* to form relaxed, covalently-closed molecules ([@B5]). This is consistent with the idea that formation of the nicking site for RepC is favored by the presence of negative supercoils, as reported in this study. However, nicking activity for RepD, an homologous protein performing replication initiation in the *staphylococcal* plasmid pC221, has been observed to nick linear dsDNA substrates containing the *dso* although with a much lower nicking rate constant than for supercoiled plasmids ([@B10],[@B11],[@B43]). In our assay, we never observed nicking of positively supercoiled DNA and very rarely nicking of relaxed torsionally constrained DNA subjected to a force as low as 0.34 pN.

Previous work has shown that the presence of a cruciform structure increases the efficiency of replication initiation ([@B9]). However, it is not fully understood if the cruciform structure is spontaneously formed under certain conditions of force and twist and RepC just binds and nicks the substrate, or if the Rep protein actively promotes formation of this structure upon binding and then nicks the substrate. Spontaneous formation of cruciform structures has been detected using MT as sudden changes in the extension of the DNA of hundreds of nanometers ([@B44]). However, we were unable to detect any change of extension attributable to the formation of the cruciform structure using similar forces, supercoiling and working conditions in our setup (not shown). This is very likely due to the different nucleotide sequence of the DNA substrate used in our study, as similar changes in extension as reported in ([@B44]) could be easily detected with our setup. Spontaneous formation of the cruciform structure at zero twist is very unlikely because the nick site of RepC in the pT181 DNA is at the tip of an inverted repeat element with much higher GC content than the rest of the plasmid. Consequently, it has been proposed that it is the binding of RepC that melts this region resulting in the extrusion of the inverted repeat element forming the cruciform structure needed for cleavage ([@B9],[@B45]). However, we did not observe any change in extension that could be interpreted as the extrusion of the cruciform by RepC binding in a Mg^2+^-free buffer (Supplementary Figure S6). Instead, our data are consistent with a passive model (see below), where RepC binds at the *dso* but does not induce formation of the cruciform. Firstly, we found that at 0.34 pN RepC cleaves the DNA at a degree of supercoiling corresponding to ∼Δ*Lk* = −10, and that was largely insensitive to the speed of twisting of the DNA. This supports the idea that the structure suitable for cleavage is formed at a particular supercoiling degree. Secondly, we found that the probability of nicking is force-dependent. An active extrusion of the cruciform by the protein would have made RepC nicking activity largely insensitive to the range of the very low forces (0.05--1 pN) employed here, contrary to what we observed. Rather, RepC nicking activity was affected by the force and by the twist applied to the substrate. Our observation is that as the stretching force on the DNA is reduced, a larger number of negative turns are required to detect RepC nicking (Figure [4](#F4){ref-type="fig"}).

We report here the first precise measurement of the degree of DNA supercoiling necessary for DNA relaxation by Rep proteins. We determined a value of σ = −0.032 in the absence of force. Previous studies have made efforts to measure the degree of DNA supercoiling *in vivo*. It has been proposed that for *E. coli*, the average degree of supercoiling is σ ≈ −0.05 ([@B46]). In contrast, Bliska and Cozzarelli ([@B47]) showed that in *E. coli* the effective, purely torsional degree of supercoiling in the absence of protein stabilization was −0.025. Our measurement is therefore similar to the supercoiling degree found *in vivo*. This supports a model in which the cruciform structure forms passively due to the natural supercoiling of DNA, with RepC making only a minor contribution to its formation.

It has been proposed that the crossover where two DNA helices juxtapose can be a recognizable structure for supercoiling-sensitive proteins ([@B48]). We have discarded this possibility because at low forces plectonemes are formed with a lower number of turns and consequently nicking would occur earlier than at high forces, contrary to our observation. RepC nicking occurs in the plectonemic regime where the torque is constant, regardless of the number of turns. If a particular torque was required for RepC nicking, at very low forces we should not have observed nicking because that torque could not have been reached. Therefore, it is not the torque the critical parameter for RepC nicking. Instead, we propose that the structure formed on the DNA needed for RepC nicking requires a characteristic supercoiling energy for its formation, because in the plectonemic regime it is the energy which grows linearly with the number of turns. We estimated a free energy associated with the degree of supercoiling required for nicking of 45 kcal/mol. This value is similar to the reported activation energies of S-type cruciform extrusion ([@B38]). S-type cruciforms are much more common than the C-type cruciform in which extrusion is dependent on a higher energy barrier (180--200 kcal/mol) ([@B38],[@B49]). The fact that the energy applied to the DNA to observe a nick by RepC coincides with the value reported for the extrusion of S-type cruciforms, further supports a passive model for RepC nicking activity. Once the critical degree of supercoiling is reached, the mechanism by which the protein recognizes the resulting secondary structure is not clear, and has been the subject of various studies ([@B8],[@B9],[@B18]).

We have used the Phyre2 software to predict the structure for RepC ([@B28]). We found a very high confidence result based on the available structure of the closely-related RepD dimer (PDB entry 4CWC) ([@B29]). The predicted structure is symmetric, despite RepC nicks only negative turns. This is not uncommon, as other chiral homodimer proteins have shown preference for cruciform structures or positively supercoiled DNA ([@B50],[@B51]). RepC formed a C-shape dimer structure with a cavity of ∼30--40 Å internal diameter, where the catalytic tyrosine-191 responsible for DNA nicking is located. The C-shape predicted structure is compatible with the presence of friction that slows down the velocity of supercoil release and this is consistent with our measurements. Interestingly, residues 265--270 of RepC involved in its DNA binding activity ([@B52]) are located outside the cavity, on the convex side (Figure [6A](#F6){ref-type="fig"}). Based on this structure and the experimental evidence reported here, we propose a model for RepC binding and nicking where both activities are independent. In linear torsionally-constrained DNA substrates RepC first binds and only when appropriate torque conditions are applied to the DNA, the cruciform forms, facilitating the contact of the nicking site with catalytic site of RepC (Figure [6B](#F6){ref-type="fig"}, upper path). End-free DNA may also be cleaved but that would require the sliding of one of the free ends of the DNA through the cavity where the catalytic site is located (Figure [6B](#F6){ref-type="fig"}, lower path). In negatively-supercoiled DNA, the cruciform structure can be preformed, and binding of RepC facilitates nicking because the nicking site is immediately placed in the active site of the RepC dimer (Figure [6C](#F6){ref-type="fig"}). This passive nicking model of RepC is compatible with previous observations that RepC can nick both linear dsDNA and ssDNA ([@B53],[@B54]) as well as other dsDNA structures with free ends ([@B10]). Linear substrates may just occasionally make contact with the active site resulting in cleavage. This should in principle result in much lower nicking rates than those found for plasmids as has been reported ([@B10]), and supports the idea that nicking is favored by supercoiling. Indeed, plasmid DNA replication is initiated only when the DNA is supercoiled ([@B55]).

![Passive nicking model for RepC. (**A**) Phyre2 prediction of the structure of RepC based on its 80% sequence homology with RepD (PDB entry 4CWC). RepC is a dimer with separate DNA binding (blue) and nicking domains (arrows). It has a C-shape morphology with a cavity of 30-40 Å, enough to accommodate the DNA for cleavage. (**B**) RepC binds to linear DNA but does not nick it because the cruciform structure is not induced. Application of a twist in a torsionally-constrained linear DNA produces extrusion of the cruciform and places the tip of the hairpin at the catalytic site of RepC resulting in efficient nicking. Nicking of linear DNA is inefficient as it would require sliding of the molecule through the cavity of RepC or direct binding to the nicking site. (**C**) A negatively supercoiled plasmid already contains the appropriate cruciform structure and is a substrate for RepC binding and efficient nicking.](gkw689fig6){#F6}

Supercoil-release experiments and nicking-religation assays with RepC and hTopIB revealed different interaction modes of these enzymes with the DNA, despite the fact that both nick and religate the DNA through the same chemical reaction. hTopIB could nick both positively and negatively supercoiled substrates and seal the nick with high efficiency ([@B30],[@B56]). In contrast, RepC could only nick negatively supercoiled DNA and had very poor religation efficiency. These differences are likely a consequence of their distinct functions in the cell and we believe the cruciform structure is key to understanding their own mechanisms of functioning. In fact, because cruciform formation requires DNA melting, it will only form at negative turns, and this sets an additional filter for the selection of the replication initiator, increasing protein--DNA specificity. What happens with the cruciform structure when the DNA is nicked remains an open question, and the answer may explain why the religation activity is so low. Disruption of the cruciform by nicking may impede the correct placement of the 3′OH of the DNA at the catalytic domain of the Rep protein to seal the nick. The low efficiency of religation could be beneficial for the function of the enzyme that needs to load PcrA helicase to begin DNA unwinding during the process of RCR. A very fast religation rate would certainly hinder the helicase loading and replication initiation, as well as increase DNA--RepC protein exchange. Understanding at the single-molecule level how PcrA is loaded onto the DNA after RepC nicking and how this and the unwinding activities are affected by force and twist will be the subject of future work.

Our MT assay provides a basis to recapitulate at the single-molecule and in real-time the process of rolling-circle replication. Magnetic Tweezers allowed us to mimic the supercoiled state of plasmids and to investigate how this affects nicking and religation activities of replication initiator proteins involved in the first step of RCR. Our work highlights the relevance of the formation of the cruciform structure for RepC nicking, whose activity was dependent on the force and the twist applied to the DNA. We propose a passive model where RepC cleaves the appropriate structure when it is formed at a particular supercoiling energy imposed by force and twist. The implications of these mechanical requirements for nicking likely explain the low religation efficiency of this enzyme and provide a possible explanation for the differences observed with other nicking-religating enzymes such as type IB topoisomerases.
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